Mating systems and factors affecting reproductive success are much studied especially for mammals that are large bodied, have marked sexual size dimorphisms, and have a female-defense mating system. For species that deviate from these patterns, we need more information on mating systems and reproductive success. Here, we study mating system and factors related to reproductive success in a solitary rodent, the Siberian flying squirrel (Pteromys volans). In contrast to most other mammals, males are not larger than females in flying squirrels. Similarly to most mammalian species, we observed multimale paternity within litters and reproductive success of males being positively related to body mass. Variation in reproductive success was clearly higher for males than for females, although remained lower than observed in species with highly male-biased sexual size dimorphism. Female flying squirrels lived in nonoverlapping home ranges and reproductive success was positively related to body mass, in line with earlier predictions for large female size in mammals.
Animal mating patterns can be characterized by social and genetic mating systems and parental investment (CluttonBrock 1989; Andersson 1994) . The social mating system refers to observed reproductive behavior. The genetic mating system depends on actual maternity and paternity of offspring. Mating systems show considerable variation between species and many attempts have been made to capture this variation. These are usually based on sex differences in costs of reproduction and availability of potential mates (Clutton-Brock 1989; Shuster and Wade 2003) . For example, if females are clumped in space or breed asynchronously, or both, a defense mating system is predicted to occur, with dominant males defending access to females (Emlen and Oring 1977) . If females are spatially dispersed or breed synchronously, or both, a scramble competition mating system should occur, because females become economically indefensible (Ims 1988) .
During recent decades our view on mating systems has changed, because it is observed that most mating systems earlier thought to be monogamous (pair-bond between male and female) or polygynous (male mating with multiple females) have turned out to be promiscuous, with both females and males mating with multiple partners (Wolff and Macdonald 2004; McEachern et al. 2009; Avise and Liu 2011) . Reproductive success in males is often positively related to body mass in mammals (Andersson 1994; Koprowski 2007) . This is related to male-male competition, which creates variation in reproductive success between males and usually benefits larger males over smaller ones (Wauters et al. 1990; Pemberton et al. 1992; Andersson 1994; Coltman et al. 2002) . Females are smaller than males in most mammals (Andersson 1994) , but also, in females, competition may result in a positive relationship between body mass and reproductive success (Ralls 1976; Bondrup-Nielsen and Ims 1990) . For example, Bondrup-Nielsen and Ims (1990) linked large female size in arvicoline rodents to high competition for space (territories) between females, which increased reproductive success in large females. However, reproductive success is the result of many dynamic ecological processes in both males and females (Bondrup-Nielsen and Ims 1990; Clutton-Brock 2007; Vanpé et al. 2010) . For example in flying or gliding animals, small body mass may enhance movement of individuals, possibly increasing reproductive benefits from small body mass (Myers 1978; Székely et al. 2004 ). In addition, selection on body mass w w w . m a m m a l o g y . o r g 1266 in both sexes determines which sex is the largest in many species.
Contrary to what is often promoted as conventional for mammals, female Siberian flying squirrels (Pteromys volans) are larger (141 6 SD 14 g; winter mass in our data) than males (133 6 14 g) in body mass (Hanski et al. 2000) and in morphometrics of museum specimens (Nandini 2011) . Earlier studies in tree and flying squirrels (subfamily Sciurinae) have reported high variance in male reproductive success, with dominant males gaining most mating opportunities in tree squirrels (Wauters et al. 1990; Koprowski 1993 Koprowski , 2007 . In southern flying squirrels (Glaucomys volans) it is observed that females have reproductive benefits from large body mass (Fokidis et al. 2007 ). The reproductive benefit from large female size is one factor related to female-biased sexual size dimorphism in mammals (Ralls 1976 ) and, indeed, females are slightly larger than males in southern flying squirrels (Fokidis et al. 2007; Fokidis and Risch 2008; Nandini 2011) . These patterns observed in southern flying squirrels could be expected for female Siberian flying squirrels. In addition, because of large female size, and possible disadvantages from large body mass for locomotion, it would be interesting to know whether or not the mating system and, in particular, male reproductive success in flying squirrels resemble typical mammalian mating systems. Here, we study the social mating system, that is, home-range overlap within and between sexes and nest use by males and females before and after the mating season; the genetic mating system, by determining paternity of young within litters; and annual reproductive success and its relationship to body mass both in male and female Siberian flying squirrels.
MATERIALS AND METHODS
Study species and study areas.-Siberian flying squirrels are nocturnal, arboreal rodents nesting and denning in tree cavities, nest boxes, and dreys in spruce-dominated boreal forests where they depend on large aspens (Populus tremula) as cavity sources and on deciduous trees as major food sources (Hanski 1998 (Rassi et al. 2010) . Home ranges are large, on average male home range is 60 6 SD 41 ha and female home range 8 6 7 ha, and male home ranges are largest during mating season (Hanski et al. 2000; Selonen et al. 2001) . A female flying squirrel can have 1 or 2 litters in summer (on average 2.8 juveniles per litter), the 1st in late April and the 2nd in June, with 17% of females producing 2 litters per year (I. K. Hanski and V. Selonen, pers. obs.) . Mating occurs in March (1st litter) and April-May (2nd litter). The gestation period observed in captive animals is 40-42 days from a known copulation to birth (Airapetyants and Fokin 2003) . Flying squirrels are nocturnal, but copulations often occur during the day (Törmälä et al. 1980) . We conducted our study in 3 study areas in southern Finland: Iitti (60855 0 N, 26830 0 E), Anjalankoski (60850 0 N, 26850 0 E), and Nuuksio (60818 0 , 24832 0 ). In Iitti and Nuuksio flying squirrels mainly nested in natural cavities in aspens and dreys, that is, twig nests, in spruces. In natural cavities and dreys individuals are difficult to capture and consequently a large part of the population likely was not sampled. However, in Anjalankoski flying squirrels mainly nested in nest boxes where we could easily capture juvenile and adult flying squirrels. Consequently, in the central part of the Anjalankoski study area (5 km 2 ) we captured all resident females (based on mark-recapture analysis using the program MARK 6.0 [White and Burnham 1999; Selonen et al. 2010a] ). Nest boxes were placed systematically in all suitable spruce forest patches within the study area (approximately 1.5 nest boxes per spruce forest hectare). We restricted analyses of social mating system and reproductive success to the Anjalankoski study area (the majority of study individuals also were from Anjalankoski; the Iitti and Nuuksio sites were included to increase the sample for multiple paternity analysis).
Body mass, home-range overlap, and nest use during mating period.-Individuals were trapped from nest boxes or natural cavities and were sexed and weighed. Each individual was trapped 1-3 times per year. We used only body mass estimates for females weighed before the mating season (during winter, that is, in January-early March), to be certain that females were weighed before pregnancy. For males, we controlled for variation in weighing day, by including it as random variable in our model (see below). We knew age of individuals trapped as juveniles (e.g., Selonen and Hanski 2012) , but, in practice, we could divide only males that were trapped multiple years into 2 age categories: 1 year versus older.
Individuals were captured by hand when they were roosting during the day from nest boxes and fitted with radiocollars (Hanski et al. 2000; Selonen et al. 2001) . The weight of radiocollars (5.3 g; Biotrack, Wareham, United Kingdom) was 4.8% from minimum adult body mass (on average 140 g, at minimum 110 g). The study followed guidelines of the American Society of Mammalogists (Sikes et al. 2011) and was approved by an institutional animal care and use committee (permits from Laboratory Animal Center of University of Helsinki and Environmental Centre of southeastern Finland: 1998-2004, KAS-L-53-254, HY 20-03, and HY 46-05) .
Home-range data existed from years 1998 to 2001 in Anjalankoski ( Fig. 1 ; Table 1 ). On average we had 41 nocturnal radiofixes plus nest site locations per individual (1 location per night or day). Home-range area was calculated as 100% and 95% minimum convex polygons. We selected the minimum convex polygon method because it tended to provide the most liberal home ranges that would describe total area covered by individuals. To study whether or not flying squirrel females are solitary (an important determinant of mating system [see Emlen and Oring 1977; Ims 1988 ; BondrupNielsen and Ims 1990]) we measured degree of intrasexual overlap between female home ranges, using overlap analysis in the Ranges 8 computer software (Kenward et al. 2008) . As a comparison, overlap between male home ranges also was measured. Mean overlap was measured between adjacent individual home ranges separately for males and females. We also counted numbers of males and females within a male 100% minimum convex polygon home range.
To gain further knowledge on mating behavior we analyzed whether males and females used the same nest box for denning before or after mating. For this purpose we used data for 7 cases in Anjalankoski where copulation was observed while following radiocollared individuals.
Microsatellite data and paternity analyses.-The DNA was extracted from the root end of hairs taken from captured individual squirrels following protocols of Painter et al. (2004) . Seven microsatellite loci were found to be useful for this study (Selonen et al. 2005) . Paternity was determined by using a likelihood-based paternity assessment program, CERVUS 3 (Marshall et al. 1998; Kalinowski et al. 2007 ), which employs a maximumlikelihood approach to assign parents to an individual with a known level of statistical confidence, while accommodating a user-entered rate of genotyping error. The rate of genotyping error was, based on authors convention, set to 1%. Paternity was assigned using a 95% confidence criterion. If some juveniles within a litter were assigned for 1 male with a strict 95% criterion, we accepted paternity for this male with relaxed 80% confidence criteria for other juveniles in the same litter, unless there were multiple males assigned for the juvenile. Multiple paternity within a litter occurred if 2 males were assigned with 95% confidence for a litter or 1 male was assigned with 95% confidence, but did not match the genotype of other juveniles in the litter (in these cases there were always more than 2 mismatches between loci). Densities of flying squirrels were low and, in practice, there were often only a few potential fathers. However, all males present in each study area were checked for paternity (resulting paternity assignments were always for males that were potentially moving within the home-range area of the mother). In total, we had microsatellite data for 58, 32, and 12 males from Anjalankoski, Iitti, and Nuuksio, respectively. The mother was not genotyped in 3 cases when the mother was unknown and in 2 cases when we lacked microsatellite data for the mother (in these cases we tried but failed to assign paternity). Maternity determination was based on observation that small juveniles were in the same nest with a mature female. Based on microsatellite data we did not find any cases where a juvenile was not an offspring of female expected to be the mother.
Annual reproductive success of sexes.-The annual numbers of offspring produced by females and males were calculated only for Anjalankoski. For females, number of offspring produced was based on number of juveniles found in nest boxes when juveniles were small (sum of 1st and 2nd litter juveniles). For males, annual offspring number was the sum of assigned juveniles in each year based on paternity analysis (see above). Males were monitored throughout the breeding period to identify all visited females. Males at the edge of a study area could have lower reproductive success than males in the center of study area due to missed litter data. To avoid this problem we omitted 3 males at the edge of Anjalankoski study area, and searched for females in the whole area covered by remaining male home ranges. For both sexes we also calculated standardized variance in annual number of offspring (also called the opportunity for sexual selection, I s [e.g., Arnold and Wade 1984] ), defined as variance in offspring number divided by square of mean offspring number for each year (e.g., Pemberton et al. 1992; Coltman et al. 2002; Schulte-Hostedde et al. 2004 ).
Statistical analyses.-Statistical analyses were performed with statistical software SAS 9.3 (SAS Institute Inc., Cary, North Carolina). For analyses of annual offspring number we used generalized linear mixed models (procedure GLIMMIX), with number of assigned offspring being the dependent variable. We used negative binomial error distribution because neither Poisson error distribution nor zero-inflated models were significantly better fitted to our data (analyzed with procedure COUNTREG using a zero-model statement; the choice of error distribution had no effect on our results). The assumption for homoscedasticity of variances was met except when sexes were analyzed together (see below). Predictor variables (female and male body mass, number of females within a male home range, and male age: 1 year versus older) were analyzed in separate models because of missing data and avoidance of overfitting models with too many variables. Individuals had data from 1 to 3 years and individual identification was selected as a random variable (using Kenward-Roger method of determination of error degrees of freedom). Weighing day was added as a random variable to model with male body mass, but because weighing day did not have effects on our results it was dropped from models including male age and home-range size to avoid overfitting models. Finally, we analyzed whether variance in annual offspring number differed between sexes. For this purpose we used the covtest statement in GLIMMIX to analyze whether varying the covariance parameter between males and females showed increased fit in the model for annual offspring number (data for males and females in the same model).
RESULTS
Social mating system.-The mean overlap between adjacent 100% minimum convex polygon female home ranges was 2.2% (range 0-25.8%, n ¼ 19 comparisons; Fig. 1 ). For female 95% minimum convex polygon ranges, measurements of overlap were all 0 except in 1 case (overlap 23%). Male home ranges overlapped on average 2.5 6 1.1 with male home ranges and 2.8 6 1.0 with female home ranges (X 6 SD). The mean overlap between adjacent 100% minimum convex polygon male home ranges was 35.1% (range 0-100%, n ¼ 24 comparisons), and between 95% minimum convex polygons was 25.3% (range 0-97.4%).
Before copulations, females were found denning together with an adult male in 70% 6 27% of cases when radiotagged animals were located (in a total of 100 daytime checks for 7 females). After copulation, a male was located in the same nest as a female only once (in a total of 79 daytime checks for 7 females), when males and females denned together on the day following copulation (in other cases the female denned alone; difference in denning together before and after copulation: n ¼ 7 females, Pearson v 2 1 ¼ 79, P , 0.0001). In all cases when a male was located in a nest box with a female there was only a single male present.
Genetic mating system.-Paternity was assigned at 95% confidence for 88 juveniles and at 80% confidence for 13 juveniles (of 101 juveniles in 42 litters; Table 1 ). The latter were assigned to the same father as the rest of the litter with strict (95%) paternity determination (see ''Materials and Methods'').
Evidence for multiple paternity within a litter was observed for 6 of 36 polytocous litters (more than 1 offspring in a single litter) with successful paternity assignment (17%; or 14% as average for study areas: 0 of 4, 1 of 4, and 5 of 28 litters in Iitti, Nuuksio, and Anjalankoski, respectively). In 4 of the 6 litters with multiple paternities, the 2 fathers were assigned at 95% confidence. In the remaining 2 cases a single male was assigned to some, but not all, of the offspring in a litter. In 4 cases, paternity of 1 juvenile was equally supported for more than 1 male at 80% confidence level. In these cases multiple paternities were not assumed, and paternity was assigned for the male with 95% assignment for other juveniles in the litter.
In 6 of the 7 cases when a male was denning with a female before copulation, the father of the offspring produced was the last male observed to den with the female (in 3 cases 2 males, 1 at a time, and in 4 cases only a single male was denning with the female before copulation). In 2 of the 7 cases, the litters had more than 1 father.
Reproductive success.-Variation in annual offspring number differed between sexes (Anjalankoski study area; procedure GLIMMIX test for homogeneity of covariance: v 2 1
¼ 21, P , 0.0001) because many males were not assigned to any offspring (Fig. 2) , but only 1 female failed to reproduce during 1 mating season (the female was radiotracked during the entire spring-summer of that year but no offspring was found in her nest). The maximum number of sired litters per year for a male was 4 litters. On average males had 2.1 6 2.5 (n ¼ 40 for 28 males, minimum 0, maximum 9) and females had 2.9 6 1.4 (n ¼ 42 for 24 females, minimum 0, maximum 8) juveniles per mating season (juveniles from 1st and 2nd litters combined). The standardized variance in offspring number (I s , that is, variance/mean 2 ) varied between 0.8 and 2.8 for males and 0.1 and 0.32 for females for years 1998-2001 (year 2002 was omitted because of low number of individuals), and was larger for males than females (males,X ¼ 1.6, and females,X ¼ 0.2; ttest: t 6 ¼ 3.3, P ¼ 0.02).
Annual offspring number was related to body mass both in females (n ¼ 16 for 11 females, procedure GLIMMIX: F 1,4 ¼ 8.9, P ¼ 0.04; Fig. 3 ) and in males (n ¼ 31 for 22 males: F 1,23.5 ¼ 14.2, P ¼ 0.001), with larger individuals having more offspring than smaller individuals. For males, this was the case even when number of females within a male home range (effect of body mass: n ¼ 25 for 17 males, F 1,20.3 ¼ 8.0, P ¼ 0.01) or age of males were included in the model (body mass: n ¼ 16 for 13 males, F 1,13 ¼ 7.5, P ¼ 0.02). Surprisingly, number of females (i.e., number of possible mates) within a male home range (n ¼ 25 for 17 males, F 1,17.3 ¼ 1.87, P ¼ 0.19) or male age (n ¼ 20 for 13 males, yearling versus old: F 1,18 ¼ 0.55, P ¼ 0.47) did not explain number of offspring produced by males. 
DISCUSSION
We observed that annual reproductive success of both sexes was positively related to body mass in flying squirrels. Variation in reproductive success was clearly higher for males than for females. Females were solitary with home ranges nonoverlapping with other females. We observed multimale paternity within litters and both sexes may copulate with more than 1 partner, indicating a promiscuous mating system. Similarly to many earlier animal studies (Pemberton et al. 1992; Andersson 1994; Coltman et al. 2002) , variation in number of offspring produced was larger in flying squirrel males than in females. Our estimate for standardized variance in reproductive success (I s ) was clearly larger for males than for females (males 1.6 and females 0.2), but remains lower than observed for males in highly dimorphic, large ungulates (in general, males I s . 3 [e.g., Pemberton et al. 1992; Coltman et al. 2002] ). Male body mass also was positively correlated with reproductive success in our study, as in many earlier studies on mammalian reproductive success (Andersson 1994; Koprowski 2007) . Unfortunately, we lacked other body measures than body mass for flying squirrels. Thus, we could not control for the effect of body shape on body mass, which would be required, for example, to measure body condition (e.g., Green 2001 ). However, this should not affect the conclusions of this study, because squirrel body mass should be a good proxy for individual's rank in the dominancy hierarchy (Koprowski 2007) .
Female reproductive success was positively related to body mass in flying squirrels. Females lived in nonoverlapping home ranges at the Anjalankoski study area; and at the Nuuksio and Iitti sites we have not observed any overlap between adjacent female home ranges. This might indicate space competition between females. Indeed, earlier we have concluded based on high natal dispersal propensity in females that female flying squirrels seem to compete for sites where both nesting cavities and food requirements can be found (Hanski and Selonen 2009; Selonen and Hanski 2012) . If competition for resources (territories) is high between females, they may benefit from a large body size (Bondrup-Nielsen and Ims 1990; Wauters and Dhondt 1995; Fokidis et al. 2007; Koskela et al. 2009 ).
Flying squirrels are observed to perform similar mating chases as tree squirrels (Koprowski 2007) , that is, before copulation a few male flying squirrels glide one after the other from tree to tree following a female (up to 5, but usually 1-3 males have been observed to participate in mating chases in flying squirrels [I.K. Hanski and V. Selonen, pers. obs.; Mäkelä 1996] ). It might be expected that this behavior favors smaller and faster males (e.g., Schulte-Hostedde and Millar 2002), but interestingly the opposite appears to be the case for flying squirrels, with males benefiting from larger body mass. For example, for shorebird species in which males compete for mating opportunities in aerial displays, smaller and faster males have high reproductive success (Székely et al. 2004 ; see also Sunde et al. 2003) . In any case, for a gliding mammal it is likely that at some point increased body mass will create problems for movement (Myers 1978 ; but see Fokidis and Risch 2008) . Thus, there likely is a trade-off between the advantages of larger size in male-male dominance and the costs involved in mate chases. For the North American red squirrel (Tamiasciurus hudsonicus), male mating success increased with large home-range size and increased search effort (Lane et al. 2009 ). However, we did not observe the number of females within a male home range to affect male reproductive success. Perhaps females chose familiar males (see Garroway et al. 2013 ) living nearby over more distant individuals.
In our study, females nested alone after observed copulations (except once on the next day), which is in line with observation that estrus in flying squirrels is short, only 1 day (Airapetyants and Fokin 2003) . According to theoretical predictions spatially dispersed females with short periods of temporally synchronous estrus, as observed in this study, should lead to a scramble competition mating system (Emlen and Oring 1977; Ims 1988) , which is observed for North American red squirrels (Lane et al. 2009 ; see also Marmet et al. 2012 ). Similar to red squirrels, the mating system in flying squirrels also is promiscuous, because both sexes may copulate with more than 1 partner and male flying squirrels likely are unable to dominate female mating decisions, because the female is the larger sex. However, male flying squirrels may try to increase their mating opportunities by denning with females before mating: several males were observed moving within female home ranges, but only 1 male at a time was observed nesting in a nest box with a female. By denning with a female prior to mating a male may assure that he is the 1st male to be present when the female becomes receptive for copulations, and therefore, the 1st male to copulate. We also have 1 observation in which a female 1st copulated with the male she had denned with, and after an hour copulated with another male. In this case, the 1st male was the father of young produced. Possible behavior aimed at being the 1st male present before estrus and 1st male precedence (e.g., Foltz and Schwagmeyer 1989; Lacey et al. 1997 ) could be related to relatively low number of multimale litters observed in our study. Alternatively, the low number of multimale litters could be affected by low densities of flying squirrels in our study areas (Selonen et al. 2010b ). For comparison, in tree squirrels proportion of multimale litters may be very high, up to 82.5% in North American red squirrels (Lane et al. 2008) .
We conclude that the mating system in the Siberian flying squirrel resembles that reported in other tree and flying squirrel studies (Wauters et al. 1990; Fokidis et al. 2007; Koprowski 2007; Lane et al. 2008) . The relationship between reproductive success and body mass appears to be complicated in flying squirrels; both sexes gain from increased body mass and, in contrast to most other mammals, females are slightly larger than males. For male flying squirrels, body mass is likely a complex outcome of advantages related to dominance status over smaller-sized males and body attributes enhancing gliding ability, a movement mode with possible disadvantages for both sexes from large body mass. The evolutionary reasons enhancing large female size in flying squirrels may be related to female territoriality (see Bondrup-Nielsen and Ims 1990; Fokidis et al. 2007 ).
